I. INTRODUCTION
The observation of resonant structures in the excitation functions for various combinations of light α-cluster (N = Z) nuclei in the energy regime from the barrier up to regions with excitation energies of E x = 20-50 MeV remains a subject of contemporary debate [1] . 24 Mg compound system, or whether they simply reflect scattering states in the ion-ion potential is still unresolved [1, 6, 7, 8] . In many cases, these resonant structures have been associated with strongly-deformed shapes and with clustering phenomena, predicted from the cranked α-cluster model [9] , the Nilsson-Strutinsky approach [10, 11] ,
Hartree-Fock calculations [12] or other mean-field calculations [13] . Of particular interest is the relationship between superdeformation (SD) and nuclear molecules, since nuclear shapes with major-to-minor axis ratios of 2:1 have the typical ellipsoidal elongation (with quadrupole deformation parameter β 2 ≈ 0.6) for light nuclei [11] . Furthermore, the structure of possible octupole-unstable 3:1 nuclear shapes (with β 2 ≈ 0.9) -hyperdeformation (HD) -for actinide nuclei has also been widely discussed [11, 14, 15, 16, 17] in terms of clustering phenomena.
Various decay branches of highly excited 24 Mg * resonant states from 12 C+ 12 C, including the emission of α-particles or heavier fragments, are energetically favored. However, γ-decays have not been observed so far, and the γ-ray branches are predicted to be rather small at these excitation energies. Some old experiments have been reported [18, 19] , which have searched for these very small branching ratios expected to be in the range of 10 −4 − 10
of the total width [21, 22, 23] . Very recently the radiative capture reaction 12 C+ 12 C has been investiugated [20] . The rotational bands, from the knowledge of the measured spins and excitation energies, can be extended to rather low angular momenta, where finally the γ-decay becomes a larger part of the total decay width. The population of such states in α-cluster nuclei, which lie below the threshold for fission decays and for other particle decays, is favored in binary reactions, where at a fixed incident energy the compound nucleus is formed at an excitation energy governed by the two-body reaction kinematics. These states may be coupled to intrinsic states in 24 Mg * populated by a break-up process (via resonances) as shown in Refs. [24, 25, 26, 27] [34, 35, 36 ] recently studied using charged particle spectroscopy, no evidence for ternary breakup has yet been reported [13, 37, 38, 39, 40, 41] in light nuclei; the particle decay of 36 Ar SD bands (and other highly excited bands) is still unexplored. The main binary reaction channels of the 24 Mg+ 12 C reaction, for which both quasimolecular structures [4, 42, 43] and orbiting phenomena [44] have been observed, is investigated in this work by using charged particle-γ-ray coincidence techniques.
The present paper is organized in the following way: Sec. II describes the experimental procedures and the data analysis. Sec. III presents the exclusive 24 Mg+ 12 C data (part of the experimental results presented here in detail have already been shortly reported elsewhere [45, 46] ) which are discussed in Sec. IV. We end with a summary of the main results and brief conclusions in Sec. V.
II. EXPERIMENTAL SET-UP
The study of charged particle-γ-ray coincidences in binary reactions in inverse kinematics is a unique tool in the search for extreme shapes related to clustering phenomena. In this paper, we investigate the 24 Mg+ 12 C reaction with high selectivity at a bombarding energy E lab ( 24 Mg) = 130 MeV by using the Binary Reaction Spectrometer (BRS) [8, 47, 48] in coincidence with the EUROBALL IV (EB) [49] 24 Mg is covered [26] .
The EUROBALL IV γ-ray spectrometer, as shown in Fig. 1 , consisted of two rings of a total of 26 Clover-Ge-detectors each composed of four Ge crystals [50] located at angles around 90
• , and 15 Cluster-Ge-detectors [51] each consisting of seven Ge crystals at backward angles. The inner BGO scintillator array was removed.
The BRS, in conjunction with EB, gives access to a novel approach for the study of nuclei at large deformations as described below.
A. Experimental set-up of the BRS
The BRS associated with EB combines as essential elements two large-area (with a solid angle of 187 msr each) heavy-ion gas-detector telescopes in a kinematical coincidence setup at forward angles. A schematic lay-out of the actual experimental set-up of the BRS with EB is shown in Fig. 1 .
A photograph of one of the two BRS telescopes is shown in Fig. 2 Each BRS gas-detector telescope comprises two consecutive gas volumes containing a two-dimensional position sensitive low-pressure multi-wire chamber (MWC) and a Braggcurve ionization chamber (BIC), respectively. All detection planes are four-fold segmented in order to improve the resolution and to increase the counting rate capability (10 5 events/s). The position and time resolutions have been determined to be intrinsically ≈ 0.5 mm and ≈ 200 ps, respectively [47, 48] . In the MWCs, the in-plane and out-of-plane scattering angles Θ and Φ, respectively, are derived from the position (x and y) measurements. As already shown in previous studies [40, 41] , the in-plane angular correlations of two fragments need coincidence measurements for binary fission yields to be measured adequately. Unfortunately, the MWC of BRS telescope 2 could not provide us with a well functionning y-position signal (i.e. Φ 2 ), which is an essential information to check kinematical conditions of the out-of-plane correlations of ternary fission fragments. In the BICs the Bragg-Peak height (BP), Range (R), and kinetic energy (E) are measured. Two-body Q-value spectra have been reconstructed using events for which both fragments are in well selected states. The shown by their characteristic end point/punch-through in Fig. 3 ).
The Z=12 gate of Fig. 3 has been used to select the γ-ray spectrum measured in coincidence with 24 Mg nucleus (see Fig. 5 ). Other well-defined Z gates can be used for the processing of the γ-ray spectra in coincidence with the 12 C, 16 O, 20 Ne and 28 Si nuclei of interest. Although mass identification has not been available in this experiment -i.e. the performance of the VIVITRON pulsing system was not better than 2ns (FWHM) -, the good energy resolution along with Z-identification allowed the different reaction mechanisms to be clearly discriminated. [8, 45, 46, 47, 48] .
B. Experimental set-up of EUROBALL IV
The excellent channel selection capability of binary and/or ternary fragments (see for instance the two-dimensional angle versus energy spectrum plotted in Fig. 4 for the α-transfer channel) allows clear discrimination between the reaction channels, so that EB [49] is used mostly with one-or two-fold multiplicities, for which the total γ-ray efficiency is very high. The removal of the conventional 30 tapered Clover-Ge-detectors of EB from the forward angles had only a very small impact on reducing the overall EB efficiency (less than 13% of the total γ-ray efficiency). Although no specific measurements were done during two in Fig. 3 . The full details of the identified γ-ray transitions are given in Table I. BRS campaigns, the absolute total γ-ray efficiency has been estimated to be approximately 8.5% for the present EB experiment.
In binary exit-channels, the exclusive detection of both ejectiles allows precise Q-value 
III. EXPERIMENTAL RESULTS
The inverse kinematics of the 24 Mg+ 12 C reaction and the negative Q-values give ideal conditions for triggering on the BRS, because the angular range is optimum for θ lab = 12
• -
40
• in the lab-system (with the range of θ lab = 12
• -25
• for the recoils), and because the solid angle transformation favors the detection efficiency of the heavy fragments. Thus we have been able to cover a large part of the angular distribution of the binary process with good efficiency. In binary exit-channels, the exclusive detection of both ejectiles with precise Z discrimination allows excellent Doppler-shift corrections.
A. 24 Mg+ 12 C exit channel Table I . Weaker transitions in 23 Mg and 25 Mg (not marked in Fig. 5 ), also selected by the Z=12 gate, correspond to one-neutron transfer processes.
The excitation of the 2 + , 1808.7 keV state of 26 Mg arises either from a 2-neutron-transfer process or from a fusion-evaporation mechanism. These transitions are not reported in Table   I . However, we note, in particular, a doublet visible in Fig. 5 Identifications of the most intense γ rays in 20 Ne is straightforward and their labelling are given in Fig. 6 . As expected for α-transfer processes involving mutual excitations of the binary fragments, we observe decays feeding of the yrast line of the 20 Ne nucleus. Two previously unobserved transitions in 16 O from the decay of the 3 + state at 11.08 MeV, clearly visible in the γ-ray spectrum of Fig. 7 , have been identified for the first time (see Fig. 8 for new partial level scheme). We note that, thanks to the excellent resolving power of the EB+BRS set-up, the respective first escape peaks positions (as indicated by the two arrows) of the 6.13 MeV, 6.92 MeV and 7.12 MeV γ-ray transitions in 16 O are also apparent in this spectrum.
The next step in the analysis is the use of the BRS trigger in order to select the excitation energy range by the two-body Q-value (in the 16 O+ 20 Ne channel), and thus allowing us to study the region at rather low excitation energies (below and around particle thresholds), where γ decay becomes observable. The two-dimensional angle versus energy spectrum, shown in Fig. 4 for the α-transfer channel, allow us to select well defined excitation energy (Q-value) regions. We define six different energy regions ranging from the (g.s.) elastic and inelastic ( 20 Ne, 2 We have also analysed the 12 C+ 12 C coincidences to investigate 12 C-12 C-12 C ternary decays of 36 Ar. Unfortunately, an accurate out-of-plane correlation could not measured. Therefore, the hypothesis of 36 Ar hyperdeformed shapes, predicted by preliminary calculations performed in the framework of the generalized liquid-drop model [28] , will need further experimental investigations with higher selectivity.
IV. DISCUSSION
A. Deformation properties of the 24 
Mg nucleus
The fact that Fig. 5 shows almost exclusively 24 Mg γ-ray transitions between positiveparity states, with weaker transitions observed from negative-parity levels (as indicated by + 2 (9528 keV)), which are associated with stable prolate deformations, according to standard shell-model calculations [60] . In a prior measurement at a lower bombarding energy, a selective population of natural-parity states has been found to be favored in the 24 Mg+ 12 C orbiting reaction [44] , with a suppression of Although there is an indication of an unknown γ ray around 5.95 MeV we cannot confirm its interpretation as to be the earlier reported 10
5927 keV transition [57] . The strong population of a broad peak (most probably due to a number of different states)
around E x = 10 MeV and states in the non-yrast K = 2 rotational band was observed in the 12 C( 12 C,γ) radiative capture reaction [20, 58] at two resonant energies (E c.m. = 6.0 and 6.8 MeV). On the other hand the population of the observed states which are members of the K = 2, does appear to be selectively enhanced in the present experiment.
It has been shown using the γ-γ coincidences that most of the states of Fig. 5 belong to cascades which contain the characteristic 1369 keV γ-ray and pass through the lowest 2 + state in 24 Mg. Still, a number of transitions in the high-energy part of the spectrum (6 MeV -9 MeV) have not been clearly identified. The reason why the search for a direct γ decay in 12 C+ 12 C has not been conclusive so far [18, 19] is due to the excitation energy in 24 Mg as well as the spin region (8 -12 ) which were probably chosen too high, as in radiative capture experiments [20, 58] , for instance. As the situation about 12 C+ 12 C quasimolecular resonances is rather complex, future experimental works will have to investigate 10 MeV transitions involving low spin (0 or 2 ) states. In the case of the break-up reaction, the 4 -6 spin region has been reached, however because of poor statistics none of the unplaced transitions can be assigned to the intra-band E 2 γ-ray expected to be enhanced between resonant molecular states [21, 22, 23] .
Although charged-particle decays are strongly competitive at high excitation energy, highenergy γ-ray transitions in 24 Mg have been found (but with no clear assignement). However, the analysis of the 24 Mg+ 12 C exit-channel appears inconclusive as far as the search for the intra-band γ-rays is concerned. One should keep in mind that the de-excitation spectra can be very different from the excitation ones. Some degrees of freedom can have a major role in the excitation mechanism (in matrix elements) whereas they can play a minor one in the de-excitation processes, as the de-excitation process may, in fact, be dominated by very small components in the wave function. Even if they are strongly excited by some open channels (excitation), they can play a very small role in the actual γ-ray spectra we see (de-excitation). Since this intra-band γ ray lies so far from the 24 Mg yrast line it is much more difficult to identify this band experimentally than it was for the analoguous SD bands in heavier nuclei such as 36 Ar [29] and 40 Ca [30] , for instance. In addition, the actual branching ratios may be smaller than the calculations using the α-cluster model [23] .
B. Gamma-ray spectroscopy of the 20 Ne and 16 
O nuclei
The first two gates of Fig. 4 with excitation energies of 0 ≤ E * ≤ 3 MeV and 3 ≤ E * ≤ 6 MeV, respectively, allow essentially the feeding of the first two excited states of the With appropriate Doppler-shift corrections applied to Oxygen fragments identified in the BRS, it has been possible to extend the knowledge of the level scheme of 16 O at high energies [54, 55, 64] , well above the 12 C+α threshold (7.162 MeV), which is given in Fig. 8 (dashed line) for the sake of comparison.
New information has been deduced on branching ratios of the decay of the 3 + state of 16 O at 11.085 MeV ± 3 keV. This state does not α-decay because of non-natural parity [64] , in contrast to the two neighbouring 4 + states (at 10.36 MeV and 11.10 MeV, respectively as indicated in Fig. 8 MeV, which energy is just lying (i.e. ≈ 700 keV) above the 4α-particle breakup threshold [70] . However, any state in 16 O equivalent to the so-called "Hoyle" state in 12 C is most certainly going to decay by particle emission, with very small, probably un-measurable γ-decay branches. Very efficient particle-detection techniques will have to be used in the near future as such BEC states will be expected to decay by alpha emission to the "Hoyle" state, and could be associated with resonances in α-particle ineastic scattering on 12 C leading to that state, or be observed in α-particle transfer to the 8 Be-8 Be final state as observed by P.
Chevallier and coworkers back in the sixties [71] . Another possibility might be to perform Coulomb excitation measurements with intense 16 O beams at intermediate energies.
V. CONCLUSION
The connection of α-clustering, quasimolecular resonances, orbiting phenomena and extreme deformations (SD, HD, ...) has been discussed in this work by using γ-ray spectroscopy of coincident binary fragments from either inelastic excitations and direct transfers (with small energy damping and spin transfer) or from orbiting (fully damped) processes [41] . Exclusive data were collected with the Binary Reaction Spetrometer (BRS) in coincidence with The occurence of the collinear ternary decay from hyperdeformed shapes of 56 Ni and 60 Zn nuclei has been also investigated for 36 Ar in the present work, but could not be firmly confirmed. However, this hypothesis in accordance with preliminary calculations performed in the framework of the generalized liquid-drop model [28] will need further experimental investigations with higher selectivity. The search for extremely elongated configurations (HD) in rapidly rotating medium-mass nuclei, which has been pursued exclusively using γ-ray spectroscopy, will have to be performed in conjunction with charged particle spectroscopy in the near future (see [35, 36] ).
